Considerable importance has been attributed to secondary bacterial complications in canine distemper. The recent development of the gnotobiotic dog14 with its standardized environment has made it possible to study the effects of distemper virus in the absence of other microorganisms.
Canine distemper has been known since the early nineteenth century as a disease of variable severity with protean manifestations in which a fever and all or only a few of the respiratory, intestinal, exanthematous, and nervous manifestations may be presentls. Even after the reports of C A R R~~ and LIGNIBRES~O, who found distemper to be caused by a filterable virus, many workers continued to credit the bacterium Brwella bronchisepica as the etiological agentlo. 25, 32. It was not until 1926 that DUNKIN and LAID LAW^ first portrayed the disease in its present concept. Realizing the extreme contagiousness and great variability of the clinical disease they used strict isolation procedures in their experimental studies. Under these conditions they produced a disease characterized by biphasic fever with coryza, severe gastrointestinal signs, variable signs due to inflammation in the respiratory system, and nervous signs in 10% of the infected dogs. The disease was rarely fatal, but was serious enough to predispose to various secondary infections.
The great variation in clinical manifestations reported in experimental canine distemper has ranged from severe pneumonia, convulsions and death59 1 1 -1 7 to mild and even undetectable diseases. Some variation was undoubtedly due to inability to determine susceptibility of the experimental animal prior to inoculation and also to differences in the routes of inoculation and viral strains. Other important causes of variability have been the difference in intercurrent diseases and microbial flora in experimental dogs. In 1905 CARRB* suggested that cutaneous pustules in canine distemper were not a primary result of viral infection. DUNKIN and LAID-LAWS found no skin pustules in their experimental studies, and purulent conjunctivitis, rhinitis, and pneumonia were rare. In 1952 HSIUNG and STAPSETH~~ reviewed the earlier work and also contributed their extensive bacteriological study in both infected and uninfected dogs. There was little difference between the 2 groups except for Brzrcella bronchiseptica which was only isolated from distemperinfected dogs, where it was present 28.5% of the time. LAUDER et al. 19 and MAC-INTYRE et al. 23 found that B. bronchis@tdca was not a common pathogen despite its time honored reputation as a secondary invader in distemper.
In spite of the extensive literature on canine distemper few complete histclogical studies of the natural disease are available. In 1937 DEMONBREUN~ described the lesions in 12 dogs infected with distemper. SCHEITLIN et al.81 in 1951 reported their findings on 15 naturally-infected dogs, and LAUDER et al. 19 and CAMP BELL^ described the changes in 50 dogs. Studies of experimental distemper have been numerous, but most have been related to the clinical, immunological, or etiological aspects of the disease. POTEL' S description27 of 80 experimentally-infected dogs is the only complete histological study found although he failed to describe the pathogenesis.
Materials and Methods
The method of raising gnotobiotic dogs in sterile plastic isolators has been describedl4. Confirmation of the germfree state was accomplished by culturing samples from the feed, feces, and floor of each isolator. Samples were collected each time an entry was made, which was usually weekly. Cultures were made on tryptose agar plus 5% defibrinated equine blood, and in thioglycolate broth. All cultures were incubated at room temperature, 37" C and 57" C in both aerobic and anaerobic environments. At necropsy the colon, lung, and spleen of each dog were cultured on these media and on Lowenstein's-Jensen Medium* for mycobacteria and on PPLO agar** plus 20% equine serum for mycoplasma. Microscopic examination of tissues was used to determine the absence of lesions of viruses known to infect dogs.
Previous studies in this laboratory have shown that most, if not all, newborn puppies are congenitally infected with Toxocara canis, and that treatment with diethylcarbamazine*** eliminated the infectionls. For this reason daily therapeutic doses (25 mg/kg) were given for several days prior to pre-inoculation baseline studies.
Twenty 6-to-9-week-old gnotobiotic puppies from 6 litters were used. Nine dogs were inoculated intraperitoneally with 1 ml of a 10% brain suspension of Snyder-Hill distemper virus * in balanced salt solution. Three other gnotobiotic dogs were inoculated in a similar manner with 1 ml of a 4% ferret spleen suspension of virulent Lederle distemper virus.** Eight dogs including at least 1 from each litter were placed in separate isolators and kept as gnotobiotic controls. Five of these were inoculated intraperitoneally with a sterile brain suspension.
Before use in this experiment, the virulence of both viruses was demonstrated by intravenous or intraperitoneal inoculation of 3 dogs which had been raised in a conventional laboratory environment. All 6 dogs developed clinical signs of distemper including fever, watery ocular discharge, and loose stools. In addition the 3 dogs inoculated with Snyder-Hill virus developed small red papules approximately 3 to 5 mm in diameter on the skin of the abdomen and flank. One of 3 conventional dogs inoculated with the Lederle virus developed nervous signs after 11 days, consisting of whining, forced movement, and attempts to climb the sides of the cage.
Recorded during the baseline period and throughout the course of the experiment were the results of a daily physical examination, twice daily rectal temperatures, appetite and bowel movement. A neurological examination conducted daily on each dog included the following reflexes : flexor, patellar, extensor thrust, tonic neck, extensor postural thrust, righting, head down suspension, and placing reactions.
The following determinations were made on blood and serum collected prior to necropsy : sedimentation rate by the Wintrobe method, hemoglobin by the oxyhemoglobin method, erythrocyte packed cell volume by the microhematocrit method, total erythrocyte and leucocyte counts, differential leucocyte counts, total serum protein using biuret reagent and spectrophotometry, serum electrophoretic pattern*** using a Beckman-Spinco Model R paper electrophoresis system with 0.1 M veronal buffer at pH 8.6, and distemper antibody titer by neutralization in embryonating eggs.
Animals were necropsied at approximately 4-day intervals to study the pathogenesis of the disease. The following tissues were fixed in 5% phosphatebuffered formalin, embedded in paraffin and sectioned at 6p: skin of prepuce or Entire transverse sections of the central nervous system were examined at the level of the anterior sigmoid gyrus, posterior sigmoid gyrus, optic chiasma, mesencephalon and hippocampus, pons and cerebellum, medulla at obex, cervical cord and dorsal root ganglia, thoracic cord, and lumbar cord at the enlargement. Other nervous tissues examined were: olfactory bulbs, posterior cervical sympathetic ganglia, ciliary ganglia, spiral ganglia, and vestibular ganglia. I n addition to hematoxylin and eosin the following stains and histochemical reactions were used: Wilder's reticulum stain, Shorr's triple stain, von Kossa's stain, oil red 0, periodic acid-SchZ reaction, and Hortega's silver carbonate method.
Results

Clinical Signs
The only consistently observed clinical sign of distemper in the gnotobiotic dogs was fever. The first temperature rise occurred on the 3rd day after inoculation. All but 1 of the 12 experimentally inoculated puppies had a 1 to 2" F rise above their highest baseline recording. The temperature remained elevated for 24 to 48 hours and then returned to normal. In 3 dogs the temperature remained elevated or fluctuated between normal and abnormal levels for several days. The Lederle virus produced slightly higher and more persistent fevers. Rectal temperatures in the controls were at all times within a range of 100 to 101.9"F. In all but 3 dogs a slight decrease in appetite was observed for a few days following the initial temperature rise. At this time the pups drank milk but ate very little solid food. This decreased appetite continued intermittently in 3 dogs. Anorexia was not observed.
Slight depression was the only nervous sign detected and was noted in only 1 dog. All nervous reflexes were normal during the entire experiment. No coughing, papular or vesicular skin lesions, hyperkeratosis, nasal or ocular discharge, or diarrhea were observed.
Hematology and Clinical Chemistry
The results of leucocyte determinations are recorded in Table I. Absolute lymphopenia and neutropenia were present 4 days after inoculation but had returned to near normal by the 12th day. The sedimentation rate was increased during the first 12 days from a mean of 0.5 mm/hr in the controls to a mean of 4 mm/hr in the inoculated group. A mild normochromic, normocytic anemia was present during the first 12 days of the infection. Mean serum protein values are recorded in Table 111 . There were no significant differences in the total serum proteins or electrophoretic patterns of inoculated and control dogs except for one dog which had a prominent a2 peak (Fig. 1) . The gamma globulin level in gnotobiotic dogs was about 1/5 of that expected in conventional dogs. Serum antibody titers against distemper virus are recorded in Table I . Positive titers were first detected 8 days after inoculation, and continued to rise during the remainder of the experiment. 
Macroscopic Lesions
The only macroscopic lesion in inoculated animals was a striking reduction in the size of the thymus which was readily apparent in all animals necropsied 8 or more days after inoculation ( Fig. 2 ). Interlobular gelatinous edema was also present in 2 dogs. The percentages of body weight attributable to the thymus are recorded in Table I . A progressive reduction in the size of the thymus occurred as the disease progressed. The only other gross finding was the presence of 1 Toxocara canh adult in the small intestine of 1 dog and 6 in another.
One control dog also had 2 T. canis adults in its intestine.
Microscopic Lesions
Microscopic examination revealed lesions only in the lymphatic and central nervous systems. The lesions caused by both viruses were similar and will be described together.
The first microscopic changes attributable to distemper infection were noted in the thymus 5 days after inoculation. Numerous reticular cells in the cortex contained phagocytosed nuclear debris. The medulla appeared proportionately larger than normal due to a mild depletion of lymphocytes at the corticomedullary junction. A few degenerating lymphocytes with pyknotic nuclei were present in this area as well as in the medulla. Many of the Hassall's corpuscles appeared to be undergoing degeneration. The cytoplasm of the cells composing these corpuscles stained intensely eosinophilic and contained many prominent basophilic granules. The reticular cells in the medulla were prominent because of the loss of lymphocytes. Eight days after inoculation the reaction was more severe with some lobules more affected than others. There was considerable space between the lobules which was filled with loose, poorly-stained connective tissue, edema fluid, and a few scattered lymphocytes. At the periphery of the lobules, Staupevirus geimpften Hundes. Beachte den niedrigen y-Globulinwert, der fur keimfreie Tiere charakteristisch ist.
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reticular cells were numerous and closely packed beneath the capsule. By 12 days post-inoculation lymphoid depletion was nearly complete (Fig. 3) . The lobules were greatly reduced in size and almost devoid of small lymphocytes although occasional small foci remained. The normal architectural separation of cortex and medulla was no longer discernible. Loose interlobular connective tissue containing a few scattered lymphocytes was again prominent. Lymphocytes were sometimes noted within the interlobular lymphatics and were occasionally undergoing necrobiosis. In 1 dog mineralization of degenerated Hassall's corpuscles was prominent. By 17 and 19 days lymphoid regeneration was occurring, but the division of lobules into cortex and medulla was not yet apparent.
The lymphoid tissues of the gnotobiotic controls appeared similar to that of other germfree animals22. Secondary reactive centers were occasionally seen in the mandibular and cecal lymph nodes, tonsils, and Peyer's patches but not in other lymphoid tissues. Plasma cells were extremely rare.
The first detectable change in the tonsils was early lymphoid depletion 7 days after inoculation. This was recognized most easily at the center of the primary follicles where only reticular cells remained. The periphery of the follicle was still composed of closely Fig. 2 . Thymic atrophy (G1571, left) 12 days after inoculation compared to control thymus (G1577, right). Fig. 3 . Severe lymphoid depletion in the thymus 13 days after inoculation (G90Y).
H. & E., x25. Fig. 4 . Lymphoid depletion and reticulum cell hyperplasia in a tonsil 13 days after inoculation (G909). H. & E., x 125. packed adult lymphocytes. The rest of the parenchyma also appeared partially depleted as the reticular cells and reticular framework were slightly more prominent. Necrotic lymphocytes and nuclear debris were scarce. An occasional homogenous eosinophilic inclusion body approximately 1 to 2p in diameter could be seen in the cytoplasm of reticular cells in 1 dog. Twelve days after inoculation the tonsils were greatly reduced in size, follicles were scarce, and the parenchyma was composed mainly of reticular fibers and some remaining lymphocytes and reticular cells. The reticular cells were more prominent partly because of the loss of lymphocytes and partly because of their hypertrophy and mild hyperplasia. They were present in the surrounding tissue as well as in the centers of follicles. Reticular cell hyperplasia was so prominent in 1 dog that it resembled granulomatous inflammation ( Fig. 4) . No fungi were demonstrated by the periodic acid-Schiff reaction. In this dog many multinucleated giant cells were seen in the tissue surrounding the follicles. One giant cell contained several inclusion bodies within its cytoplasm (Fig. 5) , and occasional inclusions were noted in the cytoplasm of other reticular cells. In spite of the reticular cell hyperplasia, the tonsils remained very small. By 17 and 19 days the tonsils were undergoing lymphoid regeneration, primary follicles were again becoming prominent and the parenchyma contained increasing numbers of lymphocytes. Microscopically the spleen of inoculated dogs had changes similar to those noted in the tonsils. The main difference was that the interfollicular pulp contained many erythropoietic cells and megakaryocytes. This tended to obscure any lymphoid depletion or reticular cell hyperplasia occurring in the area of the red pulp. Lymphoid follicles in the gnotobiotic control dogs measured approximately 500p in diameter and contained no secondary reactive centers. At 8 and 12 days post-inoculation moderate lymphoid depletion and reticular cell hypertrophy and hyperplasia were present. By 17 and 19 days lymphoid replacement had occurred and the follicles had enlarged to between 700 and 900p in diameter.
The viral effect noted in the mandibular, bronchial, and cecal lymph nodes was similar but less striking than in the tonsil and spleen. Changes were first detectable 7 days after inoculation. The centers of some of the follicles underwent lymphoid depletion. In the rest of the cortex the lymphocyte loss was more uniform and less noticeable. Within the sinusoids an occasional multinucleated cell could be seen. Structures suggestive of inclusion bodies were occasionally seen in the cytoplasm of reticular cells in 1 dog. By 12 days lymphoid depletion was more prominent. In 1 dog the follicular centers contained a few lymphoblasts. By 17 days the nodes were nearly regenerated.
In the Peyer's patches little change was seen at 4 days although some nuclear debris and occasional phagocytic reticular cells were noted in 2 animals. By 8 days post-inoculation a considerable reduction in lymphocytes had occurred. Small lymphocytes were greatly reduced in number and the follicles were a conglomeration of reticular cells, medium sized lymphocytes, and a few small lymphocytes. The remaining reticulum was prominent because of the absence of these cells. Structures suggestive of viral inclusions were occasionally seen in the cytoplasm of reticular cells, and were numerous in 1 dog. Occasional reticular cells contained nuclear debris. By 12 days the lymphoid tissue in the terminal ileum was reduced to less than 1/2 the size of that in the controls. The follicles were primarily composed of collapsed reticular stroma. Only a small portion of the pre-existing lymphocytes remained. Hypertrophic reticular cells were frequent in 1 dog, and indistinct inclusions were seen in all dogs. By 17 and 19 days the follicles were beginning to assume a more normal structure. Many lymphoblasts and large lymphocytes were present although the lymphoid tissue had not yet regained its pre-inoculation size.
Microscopic lesions were demonstrated in the brains of all dogs necropsied 8 or more days after inoculation. No lesion was detected before that time. The earliest lesions (8 days) consisted of swelling of endothelial and perithelial cells and moderate infiltration of vessel walls by lymphocytes and monocytes. Such changes were frequently seen in the capillaries and venules of the cortical gray matter, particularly in the frontal lobes ( Fig. 6) . Pial vessels were also infiltrated by lymphocytes, especially in the depths of sulci in the frontal cortex ( Fig. 7) and occasionally between the cerebellar folia. Reactive perivascular gliosis occurred occasionally in small patches throughout the cerebra1 cortex. These lesions were rarely noted in other areas of the brain, except in a dog inoculated with Lederle virus. In this animal similar changes were present in the gray and white matter of the cerebrum, cerebellum and brain stem.
By 12 days post-inoculation the vascular changes were reduced in extent and severity. The most striking lesions at this stage of the infection were the foci of pleomorphic microglia surrounding degenerated nerve cells in the deeper layers (Fig, 8 ) of the cerebral cortex especially in the frontal lobes. This layer of large pyramidal cells is comparable to layer 5 of the human isocortex. Degenerating neurons occurred either singly or in small groups, though they were not numerous except in 1 dog inoculated with Snyder Hill virus. A few nerve cells were swollen and vacuolated and their nucleus peripherally displaced ( Fig. 9) , while others were undergoing homogenization, necrosis and neuronophagia (Fig. 10) . Rarely a nerve cell contained an eosinophilic intracytoplasmic or intranuclear inclusion body. No inclusions were demonstrated in glial cells. Microglial foci were scarce in other areas of the brain. The brain from a dog inoculated with Lederle virus had in addition a prominent lymphscytic and plasmocytic infiltration of pial and subpial medullary vessels. Focal gliosis and mild edema were also present in the subjacent white matter and a few small microglial foci were noted in the molecular layer of the cerebellum. At no time did the edema and vacuolation progress to a status spongiosus characteristic of naturally occurring distemper. Vascular changes were no longer present in dogs examined on the 17th and 19th days. Sparcely scattered nodules in the cortical gray matter similar to those described on the 12th day were the most prominent lesions. These nodules consisted of rod-shaped microglia sometimes arrayed in a whorled pattern around fragments of nerve cells. Demyelination was not encountered. In none of the dogs were lesions present in the spinal cord or the central or peripheral ganglia.
Macroscopically the sternal marrow appeared normal. Microscopically no changes in cell density or erythroid-myeloid ratio were detected and no degeneration, necrosis, or inclusion body formation was seen.
No lesions were found in the lungs, skin, or intestine. No inclusion bodies could be demonstrated in the conjunctiva, retina, stomach, kidney, or urinary bladder.
Discussion
Experimental distemper in the gnotobiotic dog was an extremely mild disease. It would probably have been undetected clinically if temperatures had not been recorded. This is in contrast to the typical clinical signs produced in conventional dogs by the same viruses. The microbial flora, therefore, appears necessary for the development of most of the signs of naturally occurring distemper.
The presence of leucopenials 11 with an absolute lymphopenia24 has been noted in experimental distemper. Similar findings have also been reported in naturally occurring distemper303 31. Neutropenia has also been described249 31 as well as mild anemia31. We have no explanation as yet for the neutropenia and anemia which did not occur in gnotobiotic control dogs raised on the same sterile diets under identical environmental conditions. In many naturally occurring cases, however, neutrophilia is common30. The absence of neutrophilia in experimentally-infected gnotobiotic dogs indicates that it is due to secondary bacterial infection.
With the exception of 1 dog, serum protein values were not greatly altered by distemper infection. The strikingly high a2 peak in this dog was similar to those described by ME BUS^^. He found a consistent increase in this fraction in dogs inoculated intracerebrally with Snyder Hill distemper virus. Theonly other report of serumelectrophoretic patterns in distemper was that of POLSON and MALHERBE~~. They claimed to have been unable to detect significant changes in distemper. Some of the patterns which they illustrated, however, did show high a2 peaks. We have demonstrated high a2 peaks in naturally occurring cases of encephalitic canine distemper. ME BUS^^ has assumed these changes to be due to stress.
Serum antibody titers in gnotobiotic dogs developed at the same time and to the same degree as those reported in conventional dogs121 283 29. This indicates that the antibody-forming mechanism of the unstimulated gnotobiotic dog is as capable of response to viral infection as that of the conventional dog.
The gelatinous appearance of the thymus in distemper infected dogs has been reported by other workerss? 199 27. No one, however, has previously reported the striking reduction in size. No change occurred in the thymic weights in the control dogs during the course of this experiment. The thymic atrophy is probably not the result of stress. There were no adrenal lesions and adrenal lipids appeared unchanged morphologically. In our experience, gnotobiotic dogs with severe experimental infectious hepatitis do not have thymic atrophy.
The prominent lymphoid depletion and reticulum cell hyperplasia so noticeable microscopically in all lymphoid organs, has previously been described in natural cases by DE MONBREUN~ and LAUDER et al. The latter speculated that this lympholysis might have been due to cortisone release following stresslg. Lymphoid hyperplasia, however, was described by POT EL^^ in experimental cases and SCHEITLIN et al.31 in natural cases.
Our results suggest that lymphoid tissue may be the primary site of viral multiplication. The first detectable changes were noted in it and it is the only tissue in which inclusion bodies were distinct. Such an assumption is compatible with similar findings in ferrets63 73 21. It is interesting that lymphopenia was present before lesions were noted in lymphoid tissue and that the leucocyte counts had returned to normal levels before lymphoid regeneration was dectected in the tissues.
The fact that lesions were found in the brains of all dogs examined 8 or more days after inoculation suggests that the virus might enter the brain in all cases. Because of the severe vascular changes in naturally occurring distemper, especially the extensive hydrodynamic edema, neuronal degeneration is generally considered the result of ischemia and the white matter is considered the prediliction site for distemper lesionsl8. Our experiments with gnotobiotic dogs, however, demonstrated the affinity of distemper virus, especially the Snyder Hill strain, for the cortical gray matter of the cerebrum.
The lesions in the brain, although present in all animals, were generally mild. The vascular changes were an initial event and the neuronal lesions and microglial response were the most prominent features. The neuronal specificity of the Snyder Hill virus may have been due to adaptation by serial intracerebral passage, as the Lederle virus produced a microglial reaction in the cerebellar white matter as well as in the cortical gray matter. The type and distribution of lesions within the brain suggested entrance of virus by passage through vessel walls during the viremic stage.
The absence of lesions in the respiratory system was unexpected. Further investigations are desirable to determine the cause of giant cell pneumonia in spontaneous distemper.
Many workers have described inclusion bodies with regularity in natural cases 13. They are much less prominent in experimental distemper and have not been commonly reported in the brain in experimental studies59 99 11~17. The viral inclusions noted in this experiment were scarce and usually indistinct. It is doubtful that a diagnosis of distemper could have been made in any of the dogs on this basis. Occasional distinct inclusions could be seen, however, in the cytoplasm of reticulum cells.
Distemper was produced experimentally in 12 gnotobiotic dogs with the Snyder Hill and Lederle strains of virus. Eight gnotobiotic dogs served as uninoculated controls. In the absence of other microorganisms, the only signs of disease were mild transient fever and leukopenia. The only macroscopic lesion was severe atrophy of the thymus. Microscopically all the lymphoid tissues underwent lymphoid depletion and reticular cell hyperplasia. Lesions appeared in the brain eight days after inoculation. The virus caused direct neuronal degeneration in the frontal cortex, only minimal lesions in the vicinity of the fourth ventricle and no demyelination. Infrequent inclusion bodies were found in neurons and in the reticular cells of the lymphoid tissues. No lesions were found in the lungs, stomach, urinary bladder, or skin. 
